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Simplifying Complexity:
Reduced Fluid Models of
Landau-damping and Phase-mixing

e Paradigm Problem: Failure of Taylor Series Ap-

proximations to
8_1/62

e Importance of Mixing Processes in Many Physi-
cal Systems (Fusion Plasma Physics, Space and Astro-
physics, Semiconductors and Solid-State Physics, Fluid
Dynamics, and other many-body/chaotic systems... )

e Physics of Landau'—damping and Phase-mixing

e Derivation of Reduced “Landau-Fluid” Models

(Successful application to fusion plasma turbulence in the

next talk by Dorland.)

e Major Progress in Fusion Energy Research
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|Essential Concept: |
Improved methods of averaging over some di-

mensions of a problem (simplifying complex-
ity) while modelling the mizing introduced by
 that dimension

Fluid moment equations provide averages over some
dimensions of a problem, thereby ignoring the com-
plexities of fine scale details in those dimensions.

Standard fluid equations are known to be valid only
in the high-collisionality limit, and are missing impor-
tant resonant phenomena such as Landau-damping
and phase-mixing. Improved by recent closure ap-
proximations which introduce damping v ~ v|k| (a
non-local operator in real space).

Clearest Intro: Hammett, Dorland, Perkins, Physics of Fluids
B4, 2052 (1992).

Caveats: Hammett, et.al., Plasma Phys. Control. Fusion 35,
973 (1993).

General Geometry CGL p,,p, (useful for space and astro-
physics): Ph.D. Theses by Dorland (1994) & Beer (1995).

Copies: email hammett@princeton.edu.
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. L. _1/e2
Paradigm Problem: Approximating e fe
(the Universal Language of Mathematics)

Taylor-series expansion:

fz) ~ f(O)—\-mf’(O)—F%a:Qf”(O)Jr...

. 2 1
eV 0 460 +§£20 + ...

or substitute z = 1/¢2, and try expanding around z = 0:

e~% g 1 Ll : ~ + Ly
2 2 ¢t
Diverges as ¢ — 0 !l
(Reminiscent of “renormalization” problems in quantum me-
chanics, etc., where perturbation expansions must be summed

to all orders...)

ﬂr/pr -Serits ( n -k)

e

R
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Padé Approximations of e 1/e

‘Padé Approximations are Ratio of Polynomials.
(Taylor series are a simple polynomial)

Example:

_1/€2 B 1 N 1 B 264
‘ _e+1/€2N1+%+%%...W1+262+264
“4-pole approximation”

Padé approximations are often much more robust
(they have bounded errors) than Taylor series.

The trick for more complicated equations is finding
the equivalent of a Padé approximation.
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Widely thought that fluid simuylations of plasma

rbulence were inherentlvy unabl m |

important kinetic effects.

Classical Chapman-Enskog closure procedure used by
Braginskii fails for collisionless plasmas and misses kinetic
effects such as Landau damping. (Impeoved by Chong s-Callen)

"When collisions are infrequent, ... (the) heat flow depends on
the detailed nature of the velocity distribution function, and
cannot be determined in any simple way from the macroscopic

P S eepyp—

(ﬂuid& equations.”
pitzer, Physics of Fully lonized Gases, 1962, p. 25 (see also p. 159).

"A property of Langmuir waves that is predicted by the Viasov
theory but which is completely outside the scope of fluid theory

is the collisionless damping of electrostatic potentials..."
Krall and Trivelpiece, Principles of Plasma Physics, 1973, p. 386.

"What has happened to the Landau dampin?:? One cannot
expect the Landau damping to manifest itself in such a

procedure, a power series expansion in (K vy, / ®) , for in the
Landau problem, in this limit, the damping goes as

Im (2) ~ exp( 1 ) = @

(kVth/(D)z

A
_...61..

i.e., the damping goes to zero faster than any power of

(K Vi / @)."
Oberman, Matt-57, Project Matterhom, Princeton, 1960, p.8.
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A Simp/e P/Iase-Mixinj ]%rac,l{cm

(Cm-l Obermqn r&minded me o‘: 'H-is View o-c Lanolau Admﬂidﬂ)

Consider o 1-D kinekic E4. for flay ) , with no € field:

of of _
3¢ " V35 =0

TLE exact Sn’n'-_‘un is 'F(z,",'t) = 'Fo (?'Vt,\/)

Consider .. siuale_ Fourirr mode in 3 with a quwe"inn distribvhion ia v

ik
£ =n,e : £, ()

he-vk) v v}
£op o9 L oo
27V

A{ any IIKEA v, ‘F OSL!'”MLQS n 1‘:'4-.3 with = .}{V % no da-p:'ay.

However, any v-mmem(' of £ will expoqen‘hal/y decay m e
n(zt)= fdv-p= n, Eiii = ﬁ kvt - v )
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Caveas : (Hammett et.al, Plasma Physics Contr. Fus. 35, |
— 473 (a43)

’ﬁl‘&e are Some (4865 wl\ﬂﬂ. the Laanw- Huid qffmxhn.ﬁ'dqs

dont  work well (or retuu‘.re maay mameats to mnverde),
whee it is necessary b fdlow Rl detark of full -F(x/ vt).

(plahn ec.lme;;, cbua.s}’me'ar -Flaﬂe-si.v néar NAarfaw rESénauces)_
(Matlor, Phys.Fluids B4 3852 (1442)).

Bu"t work s we_” as AMdAG’ aﬁ m‘l'e at' ulu‘c.‘\ 'F
phase-mixes H smell veloody scales which cam thea

be I&npred.

CP‘\‘Ji‘sthica”‘y Simi’dr o Subﬁrid turbolewee Mbd@’SJ
oc 1o the EDANM simplified vs. of +the DIA)

.USuaHy there are many processes which %uic/r{y wipe eut
small veloudy scales (eollisions) or make them
incoheremt C‘turbdﬂ*\ﬁ).

Sl‘lwld be ue.u-Sui‘l'e.o{ + 17p;ml s{'roqj—--l-urbuleme kawg k

'E(/‘]ime.!' .

Provide acewdde linewr ama-ﬂ\ rotes for instabilities which drve
the ‘l'urbvllv\ttl o for da-ufd modes

EFB nuli‘aenﬁ'h'es in 'F’w'd E%-!. Cﬂuf'ﬁ ‘f‘leﬂ' ‘fnae.ﬂeﬁ.

FIUEA Mone-\‘" E&-s - @rpress imparhm'f Cons Ervdlm lm.s
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Why Research Fusion Energy?

Energy Fuels Our Economy: economic shocks
from the energy crisis of the 1970’s...

Increased demand from China, India, ... bid up
oil prices, 1 pollution (acid rain, greenhouse?)

U.S. spends $450 Billion/year on Energy.
< 1% for alternative energy research
< 0.1% for fusion research ($370 Million)

Japan and Europe each spend 50% more on fu-
sion than U.S. Relative to their GNP, they spend
2-4 times U.S.

Other renewable energy sources also worth
R&D, but can't meet full energy demand un-
less there are large cutbacks. Diversification (in
stocks and energy) is good.

Fusion is also fascinating science, interacts with
astrophysical and space plasmas, plasma processing, high
power microwaves, accelerators, lasers, solid-state, atomic
physics, computational science, general physics of nonlin-
ear, many-body systems, chaos theory, ...
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Major Progress is Being Made in
Fusion Research

e Fusion power production in experiments has
risen by a factor of 10! since the the first toka-
maks outside of Russia in 1970.

e TFTR tritium-deuterium experiments have
made > 10 MW of Fusion Power, demonstrat-
ing reactor-like fusion power densities.

To make fusion cheaper, pursuing advanced toka-
mak concepts (negative magnetic shear, stabilizing
sheared flows, detached divertor regimes, etc.) in
present experiments (TFTR and smaller tokamaks)
and in proposed future experiments. Trying to

e further improve the magnetic bottle (decreasing
the turbulent leakage rate, and improving the
plasma pressure limits)

e improving the divertor (plasma-wall interface) to
handle higher power loads and temperatures
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Summary: Simplifying Complexity:
Reduced Fluid Models of
Landau-damping and Phase-mixing

e Paradigm Problem of approximating e 1/€

e Importance of Mixing Processes in Many Physi-
cal Systems (Fusion Plasma Physics, Space and Astro-
physics, Semiconductors and Solid-State Physics, Fluid
Dynamics, and other many-body/chaotic systems... )

e Physics of Landau-damping and Phase-mixing

o Derivation of Reducéd “Landau-Fluid” Models

(Successful application to fusion plasma turbulence in the
next talk by Dorland.)

e Major Progress in Fusion Energy Research

TOTAL F.24



